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ABSTRACT 

Typically, the debonding and sliding interface enabling fiber pullout for silicon-carbide 

fiber-reinforced silicon-carbide matrix composites with BN-based interphases occurs between 

the fiber and the interphase. Recently, composites have been fabricated where interface 

debonding and sliding occurs between the BN interphase and the matrix. This results in two 

major improvements in mechanical properties. First, significantly higher failure strains were 

attained due to the lower interfacial shear strength with no real loss in ultimate strength 

properties of the composites. Second, significantly longer stress-rupture times at higher stresses 

were observed in air at 815OC. In addition, no real loss in mechanical properties was observed 

for composites that did not possess a thin carbon layer between the fiber and the interphase when 

subjected to burner-rig exposure. Outside debonding is hypothesized to be due to two primary 

factors: a weaker interface at the BN/matrix interface than the fiberBN interface and a residual 

tensilehhear stress-state at the interface of melt-infiltrated composites. Also, the occurrence of 

outside debonding was believed to occur during composite fabrication, i.e., on cool down after 

molten silicon infiltration. 

INTRODUCTION 

For woven SiC/SiC composites with BN interphases, the typical interface where 

debonding and sliding occurs is between the fiber and the BN interphase. We refer to this 

phenomenon as “inside debonding”. Unfortunately, the inside debonding of the interphase 

Senior Research Scientist residing at NASA Glenn Research Center, Cleveland, OH 
i. 

This report is a preprint of an article submitted to a journal for 
publication. Because of changes that may be made before formal 

that it will not be cited or reproduced without the permission of the 
author. I 

1 
publication, this preprint is made available with the understanding 1 



exacerbates the environmental durability problem of SiC/SiC composites with BN interphases at 

intermediate temperatures (600 to 1000°C) in the presence of oxidizing atmospheres [1,2]. 

When matrix cracks are formed, the environment has direct access to the fibers themselves. This 

causes oxidation of the BN interphase preferentially at both the fiber/BN and BN/CVI Sic 

interfaces as well as oxidation of the fiber surface (Figure la). The liquid boria reaction product 

reacts with the Sic fiber to form a borosilicate liquid that increases in Si02 content with further 

oxidation of the Sic. Also, B203 reacts with water vapor in the atmosphere to form volatile B- 

containing hydrated species resulting in an even higher Si02 content in the oxidation product. 

These phenomena result in a solid oxidation product (glass) that strongly bonds fibers bridging 

the matrix crack to one another or to the matrix itself and causes subsequent composite 

embrittlement (Figure la). 

One proposal to curtail this type of rapid oxidative process that leads to composite 

embrittlement would be for the debonding and sliding interface to be some distance away fiom 

the reinforcing fibers [3]. For SiC/SiC composites this has been attempted with C/SiC 

multilayers as the “interphase” [3-51 and more recently with BN/SiC multilayers [6]. In theory, 

debonding and sliding would occur in some of the outer layers, prohibiting or complicating the 

difhsion of oxidizing species to the inner fiberhnterphase region that leads to composite 

embrittlement. Some benefit has been demonstrated for stress-rupture of minicomposites with 

multilayer C/SiC coatings [7,8]. 

For SiC/SiC composites with BN interphases, if the debonding and sliding layer was 

between the BN and the matrix, a similar benefit proposed for the multilayer approach could be 

achieved. Oxidation of the BN would occur from the “outside” of the BN inwards toward the 

fiber. The resulting boria oxidation product would react with the Sic matrix to eventually form a 

borosilicate glass that would act as a “sealant” slowing difhsion of oxidizing species to the BN. 

In order for the fibers to be hsed together or to the matrix, oxidation of the entire thickness of 

the BN would have to occur (Figure lb). This may take a considerable amount of time 

considering the effects of sealing and the reduced surface area of BN exposed to oxidizing 

species when compared to the typical “inside” debonding case (Figure 1 a and b). Therefore, the 

major benefit expected fi-om an outside debonded interphase in SiC/SiC composites would be 

improved intermediate temperature mechanical properties, e.g., stress-rupture, in oxidizing 
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environments. Such behavior has been demonstrated and will be described and discussed in this 

work. 

EXPERIMENTAL 

Sic fiber reinforced melt-infiltrated Sic matrix composite panels that exhibited outside 

debonding were fabricated from 2D-woven, balanced, 5 harness satin, 0/90 fabric, by General 

Electric Power Systems Composites (Newark DE). The composite fabrication process involves 

the following steps: chemical vapor infiltration (CVI) of a stacked (- 152 mm x 229 mm) 2D 

woven fabric with BN, CVI Sic infiltration, Sic particle slurry infiltration, and final liquid Si 

infiltration [9]. The occurrence of outside debonding was initially a processing aberration, but 

has since been under study in order to optimize and control its occurrence. Outside debonding 

was observed for over 20 different SiC/SiC composite panels fabricated with Sylramic@ (Dow 

Coming, Midland, MI) fibers, Hi-Nicalon Type S (Nippon Carbon, Tokyo Japan), and Sylramic- 

iBN (treated Sylramic@ fibers that possess an in-situ BN coating [lo]). Most of the panels were 

fabricated with Sylramic-iBN or Sylramic@ fibers and ranged in fiber volume fraction in the 

loading direction from 0.13 to 0.25. Table I lists some of the variations in the physical 

characteristics of composite panels. 

Mechanical property evaluation included room and intermediate temperature tensile 

testing. Room temperature tensile testing was performed on at least two dogbone specimens 

from each panel. Dogbone specimens were cut so that the gage section was 10 mm wide and the 

grip section was 12.5 mm wide. Both monotonic and load/unload/reload hysteresis tensile tests 

were perfonned while being monitored by modal acoustic emission (AE) [ 1 11. Intermediate 

temperature stress-rupture tests were performed in air at 8 15°C as in reference 3. Specimens 

fiom some panels were also subjected to an atmospheric pressure burner-rig under zero-stress 

exposure at 8 15OC, i.e., uncracked, and then tensile tested at room temperature in order to 

determine the retained strength [ 121. 

Fracture surfaces of the failed composites were examined with a Field Emission Scanning 

Electron Microscope (FESEM), Hitachi model S-4700. A fiber push-in technique [13,14] was 

performed on polished sections of untested panels to determine the interfacial shear stress of the 

sliding interface. At least twenty different fibers were tested for each specimen. Finally, the 

interphase region of some specimens was examined using Auger Electron Spectroscopy (AES) 
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and Transmission Electron Microscopy (TEM). For AES, small slivers of composite material 

were fiactured in bending in-situ under vacuum in order to prevent the ftacture surface ftom 

contamination. Depth profiles were then performed at regions where the BN layer adhered to the 

matrix and at other regions where the BN layer adhered to the fiber. 

RESULTS 
Room Temperature Tensile Stress-Strain Behavior 

Typical monotonic and unload-reload tensile hysteresis stress-strain curves are shown in 

Figure 2 for MI SYL-iBN/SiC composite that displays inside and outside debonding. Acoustic 

emission was monitored for both and is plotted in the strain-domain as well as stress-domain 

(insets in Figure 2). It was observed that the first detectable AE that occurs in the gage section 

occurs at 1 10 +/- 20 MPa for both inside and outside debonding composites. This is typical for 

all 2D woven Sic  fiber reinforced MI matrix composites [ 151. Also note that upon unloading the 

material stiffens indicating that the matrix is in residual compression. A measure of the residual 

stress can be approximated fiom the intersection of the average slopes of the hysteresis loops for 

stresses higher than approximately half the peak stress of the hysteresis loop (Figure 2) [ 161. 

Figure 3 shows typical stress-strain curves (hysteresis loops removed) for the same 

architecture MI composites with “outside” and “inside” debonding. In general, although similar 

in ultimate strength, two differences between outside and inside debonding composites were 

evident for room temperature stress-strain behavior: “outside debonding” composites had (1) 

lower elastic moduli (Table I) and (2) a higher strain at a given applied stress including higher 

strains to failure (Table I and Figure 3). . However, one panel, which exhibited a mixture of 

inside and outside debonding, was an exception and had a high elastic modulus (246 GPa). 

Figure 4 shows examples of composite fracture surfaces after room temperature tensile 

failure. Some bundle pull-out was observed for both types of composites; however, individual 

fiber pull-out was significantly longer for outside debonding composites (Figures 4a and b) than 

for inside debonding composites (Figures 4c and d). Note the adherence of the BN layer to the 

fibers for the outside debonding composites (Figure 4b). It would be ideal if debonding outside 

the BN interphase occurred for each fiber independently fiom one another (e.g., Figure 1). 

However, due to the close packing of fibers in woven bundles, debonding between the BN- 

interphase and the matrix was often observed to occur around groups of fibers that were llnked to 
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one another by the thin BN that was deposited on two closely spaced fibers. Usually, these fiber 

groups were made up of a few fibers that formed a row of fibers rather than a “ring” of fibers as 

shown in Figure 4b. Debonding at the BN-interphase/SiC matrix was observed for individual 

fibers that were well separated fiom other fibers, Le., a S ic  matrix separated the BN interphase 

around two fibers, and often fibers that were separated only by the BN interphase were observed 

to detach from one another so that BN stayed adhered to both fibers. There of course were 

observations of BN only adhering to one fiber, leaving the neighboring fiber surface bare. For 

some composites, regions of outside debonding and inside debonding were observed in different 

regions or bundles of the fracture surface, i.e., mixed debonding. It should also be noted that 

debonding sometimes occurred around entire bundles of tightly packed fibers, but this occurs for 

both outside and inside debonding composites (Figure 4a and c). 

In addition to a low elastic modulus, outside debonding composites often displayed a 

secondary modulus prior to significant matrix cracking. Figure 5 shows a family of stress-strain 

curves for a number of different outside debonding composites with different fiber architectures 

and volume fractions. The initial elastic moduli were very consistent (- 21 8 GPa) and all of the 

curves showed an inflection at - 70 MPa that resulted in a lower secondary modulus (- 177 

m a ) .  This inflection was not associated with any AE activity, i.e., it appears that this inflection 

was not due to matrix crack formation. 

Finally, the interfacial shear strength of several different inside debonding and outside 

debonding composites was determined using two techniques [ 141. First, the interfacial shear 

strength was estimated by modeling the stress-strain curve based on the stress-dependent crack 

density (fi-om AE). Composite strain was determined in the same fashion as Pryce and Smith 

[ 171. Using the nomenclature of Curtin, et al. [ 181, composite strain can be modeled assuming 

equally spaced cracks: 

where o is the applied stress, oth is the residual (thermal) stress in the matrix (compression is 

negative), E is the elastic modulus, subscripts m, f and c refer to matrix, fiber, and composite, 

respectively, pc is the matrix crack density. The first part of the equation corresponds to the 

elastic strain response of an uncracked composite and the second part of the equation 
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corresponds to the extra strain (displacement) of the fibers at and away fi-om a through-thickness 

matrix crack dictated by the sliding length: 

where 
6 =a r (0 + o th )  / 22 

a = (1-0 E,.,, / f E, 

and r is the fiber radius, f is the fiber volume fkaction in the loading direction, and T is the 

interfacial shear strength. E, and 0 t h  were determined fkom the stress strain curves. Ef is 380 

GPa and E,.,, was determined fiom the rule-of-mixtures. The stress dependent pc was estimated 

fkom the measured final crack density of failed composites multiplied by the normalized 

cumulative A.E energy (Figure 2),  assuming the latter represented the stress-dependent 

distribution of matrix cracks, which has been demonstrated for similar systems [l 1 ,  191. 

Therefore, the only variable not known was z which was adjusted in order to best fit the 

predicted stress strain curve to the experimental stress strain curve. For the case where the 

sliding lengths overlap, Ahn and Curtin [20] showed that if the cracks are still equally spaced, 

the composite strain could then be modeled by: 

Therefore, for higher applied stress conditions, if pc -' < 26 was predicted, equation (4) was 

used. Figure 6 shows an example of a best-fit stress-strain curve for an inside debonding 

composite specimen. 

The interfacial shear stress was also measured directly from the fiber push-in technique. 

Results of the two techniques are listed for individual specimens in Table I for systems which 

displayed global outside debonding, mixed outside/inside debonding, and global inside 

debonding. Both techniques confirmed that the interfacial shear strength of global outside 

debonding composites (- 10 MPa) was significantly less than that of inside debonding 

composites (- 70 m a ) .  Mixed outside/inside debonding had intermediate values of interfacial 

shear strength. It is important to note that even though the interfacial shear strength of outside 

debonding is lower than that of inside debonding composites, there was no loss in ultimate 

strengths for outside debonding composites and often the ultimate strength increased (e.g. 

compare the f = 0.2 composites in Figure 3a). 
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Intermediate Temperature Mechanical Behavior 

Stress rupture at 8 15°C was performed on SYL and SYL-iBN composites with inside and 

outside debonding (Figure 7). The stresss-rupture data for SYL SiC/SiC composites displaying 

inside debonding have been reported in references 21 and 22. Since the panels varied in fiber 

volume fraction, the rupture stress data is plotted as the stress on the fibers, Le., the load in a 

matrix crack that was carried by the fibers. For comparison, the rupture stress corresponding to a 

composite with f = 0.2 in the loading direction is shown on the right axis. Each set of data for 

the different types of composites had at least one panel with f = 0.2. 

First, note that there is a difference in rupture behavior between inside debonding SYL- 

iBN fiber composites and SYL fiber coinposites. Inside debonding SYL-iBN composites 

outperform (i.e., fail after a longer time at a given stress) inside debonding SYL composites 

because the fibers in SYL-iBN composites are naturally spread apart from one another with the 

formation of the - 10- BN layer on the fiber surface [22]. The rupture life depends on the 

time it takes to bond nearest-neighbor fibers together, which takes more time with increasing 

separation distance. In addition, the debonding interface for inside debonding SYL-iBN actually 

occurs between the in-situ BN and the CVI deposited BN [lo]. In other words, for inside 

debonding SYL-iBN composites, the debonding and sliding interface was some distance (- 100 

nm) away from the fiber surface, which contained Sic. 

For both fiber composite systems possessing an outside debonding interface, further 

improvements in intermediate temperature stress-rupture life were observed (Figure 7). For SYL 

composites with outside debonding compared to SYL inside debonding composites, stress- 

rupture improved by over 250 MPa in fiber stress (- 50 MPa for a e0.2 composite). For outside 

debonding SYL-iBN composites in comparison to inside debonding SYL-BN composites, there 

was over an order of magnitude in time improvement at high stresses and - 200 MPa 

improvement in fiber stress (- 40 MPa for a e0 .2  composite) at lower stresses near the run-out 

condition. It should be noted that these high stress conditions for stress-rupture are significantly 

higher than the stresses for matrix cracks to penetrate the load-bearing fibers (determined from 

the onset of hysteresis loop activity, - 175 MPa for e0.2 composites used in this study). In other 

words, the SYL-iBN composites are significantly cracked at the stress-rupture conditions of this 

study, even for specimens that did not fail after long periods of time. 
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Examination of the rupture specimen fracture surfaces confirmed the survival of most of the 

BN around the fibers in the matrix crack even though significant oxidation had occurred in the 

matrix crack (Figure 8). However, at regions of near fiber-to-fiber contact, the thinner areas of 

BN were oxidized and fiber-to-fiber fusion occurred for rupture times greater than 80 hours. 

There were a several regions of significant fiber pullout throughout the cross-section of the 

fracture surface. 

It was observed for inside debonding composites with Hi-NicalonTM (Nippon Carbon, Japan) 

fibers that a composite specimen with an increased number of cracks, e.g., a specimen 

precracked at a higher stress than the rupture condition, had shorter rupture lives when tested at 

the same stress as a pristine specimen [22]. This was attributed to the mechanism of composite 

embrittlement: the failure of a fiber that is strongly bonded to another fiber which creates a 

catastrophic unbridged matrix crack to propagate through the rest of the strongly bonded fibers in 

the matrix crack. If more cracks exist, due to the statistical nature of fiber failure, it is more 

likely that a bridged fiber that is strongly bonded will fail at a shorter time because a longer 

effective length of fibers are bridging the matrix cracks. This was demonstrated and modeled in 

reference 22. With that in view, in this study, a few specimens (SYL and SYL-BN) were 

precracked at room temperature and compared to the rupture behavior of pristine specimens ffom 

the same panel (Figure 9). 

Unfortunately only a few specimens were available, but it is evident that inside debonding 

SYL composites with nominally good rupture properties were significantly poorer in rupture 

behavior with precracking. On the other hand, the outside debonding specimen with SYL-iBN 

fibers that was precracked did not fail after 330 hours compared to the pristine specimen which 

failed after - 190 hours. With such little data it is not possible to conclude that precracked 

outside debonding specimens are superior to pristine specimens in rupture; however, this does 

demonstrate that the rupture properties of outside debonding composites are at least unaffected 

by the damage state. 

Sylramic, SYL-BN, and HNS outside debonding composites were subjected to burner rig 

exposure at 815OC for - 100 hour with no applied stress, and then were tested at room 

temperature to determine the retained strength properties. Whereas the rupture tests evaluate the 

durability of composites when cracked, the zero-stress burner rig experiment has proven to be an 

effective test to evaluate the ability of an undamaged composite material to withstand severe 
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intermediate temperature oxidation through the exposed (as-machined) edges of the composite 

specimen. It has been found that if carbon exists on the surface of any fiber-type, the SiC/SiC 

MI composites will be significantly degraded after burner rig exposure. This type of degradation 

has been observed for (1) Hi-Nicalon due to a carbon-rich layer that occurs for MI composites 

after fiber and composite processing [12], (2) Hi-Nicalon Sm due to a carbon rich layer on the 

fiber surface after fiber processing [23], and (3) Sylramic* composites when a sizing is used on 

the fibers that was not burned off completely prior to BN interphase deposition [24]. SYL and 

SYL-iBN composites with a sizing that has low char yield are unaffected by burner-rig exposure. 

Figure 10 compares the burner rig degradation (or lack thereof). Also shown is an example of 

outside debonding SYL-iBN before and after burner-rig exposure. No significant strength 

degradation has been observed for SYL-iBN and SYL composites with outside debonding and 

complete sizing removal. Burner-rig exposed SYL-iBN and Sylramic composites with outside 

debonding were often observed to stiffen and fracture at slightly lower ultimate strain 0;igure 10, 

Sylramic composite not shown). However, HNS outside debonding composites were degraded 

after burner-rig exposure due to the presence of a carbon layer on the fiber surface. HNS outside 

debonding composites were also observed to stiffen slightly after burner-rig exposure. Stiffening 

does not occur for inside debonding composites. 

Some fiacture surfaces were examined fiom burner-rig exposed SYL and SYL-iBN 

composites. The composites exhibited long pull-out lengths similar to as-produced specimens 

(Figure 4a) and a Si02 containing layer was often observed on the surface of the BN in between 

the BN and the matrix throughout the cross-section (Figure 11). Evidently, oxidation occurred 

through the BN/CVI Sic  interface region at the exposed cut edge into the interior of the 

composite. HNS composites exhibited a flat fiacture surface and strong bonding of fibers as has 

been reported for other systems with carbon layers that exist at the fiber surface [24]. 

Analysis of the BN-CVI Sic Interface 

A E S  depth profiles were carried out on specimen surfaces that were fractured in the AES 

chamber for several specimens exhibiting inside and outside debonding. Depth profiles through 

BN layers adhered to the CVI Sic matrix are shown in Figure 12 for representative specimens. 

A mild enrichment of C appears to exist at the BN-CVI SIC interface for both inside and outside 

debonding specimens. There may be a slightly higher proportion of C enrichment for specimens 
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that exhibit outside debonding. However, the difference in the amount of C enrichment between 

inside and outside debonding composites was not very much and given the error in the AES 

measurement (- 10%) cannot be considered conclusive. 

Representative TEM micrographs of inside and outside debonding specimens are shown 

in Figure 13. Also shown are C maps of the same region. There does appear to be some C 

enrichment at the BN-CVI Sic interface for the outside debonding composites and little if any C 

enrichment for the inside debonding composites. 

DISCUSSION 

Improved Mechanical Properties 

The increased strain to failure of outside debonding composites can be attributed to the 

lower z of the BN-CVI Sic interface over that of the fiber/BN interface. However, if z 

decreased and global load sharing exists, one would expect the ultimate strength properties to 

decrease [25]. The converse has been observed for strongly bonded interfaces compared to 

weakly bonded interfaces in CVI Sic matrix composites where the higher z interface composites 

exhibit hgher ultimate strengths [26]. In this study, the lower z composites did not lose strength 

and in some cases were stronger than comparable high z composites. Two explanations can 

account for this. First, it is possible that high z composites exhibit local load sharing and the 

lower z composites exhibit global load sharing. If the high z composites exhibit local load 

sharing, stress-concentrations would develop for load-bearing fibers surrounding individual or 
groups of broken fibers in a matrix crack. This would result in lower composite ultimate 

strengths than expected based on global ioad sharing [27]. Second, global load sharing may 

occur for both low and high z composites and as Xia and Curtin [28] have theorized, fibers with 

an adhered coating would be effectively stronger than fibers without a coating because the flaws 

on the fiber surface are constrained to some degree by the coating, even for low modulus 

coatings such as C or BN. In fact, their model would predict approximately the same composite 

strength for outside debonding composites with a z = 10 MPa and inside debonding composites 

with a z = 70 MPa. 

The improved intemiediate temperature rupture life of outside debonding composites 

occurs in the manner put forward in Figure lb  (Figure 8). Even after 100 hours at 8 15OC in a 

bridged matrix crack, a significant portion of the BN remained as a barrier between the oxidation 
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reaction product and the fiber surface for the majority of fiber circumference. However, thinner 

regions of BN separating nearest neighbor fibers were oxidized and appear to have led to the 

time-dependent strength degradation. This would explain why the Sylramicm composites with 

outside debonding are poorer in stress-rupture than the Sylramic-iBN composites (Figure 8). 

The former consists of many fibers nearly contacting another fiber with little or no BN 

interphase in between, whereas the latter possesses the in-situ BN layers on the fiber surface that 

enable greater protection of the fibers as well as some degree of fiber-separation. Finally, for 

typical inside debonding composites that fail at significantly shorter lives and lower stresses at 

the same temperature, no BN was detectable in the oxidized portion of a fiacture surface (see e.g. 

references 1 and 29). In other words, the entire matrix and interphase region of inside debonding 

composites would be completely oxidized, with the fibers strongly bonded to the matrix. 

Why outside debonding? 

Two potential mechanisms are considered for outside debonding for these MI composite 

systems: (1) a weaker BN-CVI Sic interface than BN-fiber interface and (2)  sufficient residual 

stress at the interface to cause debonding of the weak interface probably on cooling after 

infiltration of molten Si. The outside debonding composites possess a lower T than inside 

debonding composites (Table I), presumably, the debond energy of the BNKVI-SIC interface is 

also lower than the debond energy of the fiber/BN interface as well. Residual compression exists 

in the matrix (Figure 2) ,  which presumably forces the fibers into residual tension. This is due to 

fiee Si. The volume expansion of Si &om the liquid to solid state is - 9%. Therefore, expansion 

of the Si phase takes place during cooling of the composite fiom its fabrication temperature for 

MI (- 140OoC depending on the additives to the Si). This places the Si in compression. Si also 

has a lower thermal expansion coefficient than Sic, - 3 x loe6 PC compared to - 4.5 x 

respectively. Therefore, upon further cooling, the Si is placed in further compression. The crack 

closure effect (Figure 2 )  reflects the global residual stress state of the entire matrix, i.e., the fiee 

Si, the particulate SIC, the CVI Sic, and the unbridged 90' fiberhterphase bundles taken 

together are in residual compression necessitating residual tension in the fibers. Locally, the 

residual stress states would be expected to be quite complex. Nevertheless, the interphase and 

interfaces between the fibers and matrix, should be subjected to residual tensile and shear stress. 

This could create the scenario where, if the strength of those interfaces were weak enough, the 

PC, 
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interface could debond during cooling of the composite or result in a stress-state ahead of an 

approaching crack that could lead to preferential debonding of the BN-CVI Sic interface rather 

than the fiber-BN interface. In this regard, since M I  systems will inherently have residual 

compression in the matrix, they may be an ideal composite system to enable outside debonding. 

Although, outside debonding type of behavior has been observed in SiC/BN/CVI Sic 

minicomposites with tailored BN interfaces [30]. 

The proposition that the interface debonded on cooling has experimental merit based on 

the room temperature stress-strain properties. Outside debonding composites had lower elastic 

moduli and the occurrence of a “secondary modulus” at low stress (Figure 5). Debonding of 

fibers and tows would be expected to lower the modulus in the same manner as porosity. It is 

interesting to note that the measured residual stress in outside debonding composites was found 

to be often, but not always, lower than that of similar architecture composites [14] when using 

the approach of Steen [ 161. This could be due to the relief of some of the residual stress in the 

composite with interface debonding during cooling. The observance of a “secondary modulus” 

not associated with matrix cracking may be indicative of the actual stifhess of the already 

debonded composite. When the composite reaches a certain tensile stress, the residual 

compressive stress-state that exists in the matrix, which would include the net effect of the 90’ 

bundles, would be overcome. This would be similar to the crack-closure phenomenon that occurs 

for Sic fiber-MI composites at stresses high enough to cause unload-reload hysteresis loops 

where the unloading curve stiffens at low stresses due to crack closure, i.e. compression in the 

matrix (Figure 2) .  For the case of outside debonding, the matrix would effectively be 

microcracked at the already debonded BN-CVI SIC interface. 

Regarding the observance of a weaker BN-matrix interface for outside debonding CMCs, 

the presence of carbon either as a thin layer outside of the BN or in an enriched form appears to 

be the most likely factor, even though the detection of carbon enrichment is not compelling. One 

other possible explanation is that differences in processing conditions led to more shrinkage of 

the low temperature deposited BN. BN shrinkage, the formation of a gap between the BN and 

the CVI SIC, and outside debonding has been observed for fiber/BN/CVI Sic preforms that have 

been heat treated to higher temperatures [3 11. Nevertheless, oxidation that occurs between the 

BN and the CVI-Sic matrix during burner rig exposure clearly implies either the presence of a C 

layer, as was the case for the earlier mentioned composite systems where a thin C layer existed 

12 



between the fiber and the BN [ 15,23-241; or the existence of a “gap” between the BN and the 

CVI-Sic, Le., an already debonded interface prior to testing. 

Issues to be Resolved 

Finally, even though outside debonding composites offer potential improvements in 

stress-strain and intermediate temperature properties, further study is still required to address 

other pertinent composite properties. Most notably are the effects of outside debonding on 

through-thickness properties: interlaminar tensile strength, interlaminar shear strength, and 

through-the-thickness thermal conductivity. Another issue is the ability to reproducibly control 

outside debonding behavior. All of these issues are currently being studied and some 

modifications may have to be made to optimize composite properties for a given application. It 

should be noted that the tensile creep at elevated temperatures (up to 13 15OC in air) of outside 

debonding composites in the fiber direction were as good as inside debonding composites [32]. 

CONCLUSION 

MI SiC/SiC composites with BN interphases that exhibited interface debonding and 

sliding at the BN-CVI Sic interface showed significantly higher strain capabilities and 

intermediate temperature stress-rupture life over conventional composites that exhibit interface 

debonding and sliding at the BN-fiber interface. Higher strain to failure was attributed to lower 

interfacial shear stress at the BN-CVI Sic interface. Improved intermediate temperature 

properties were attributed to the protection fkom the oxidizing environment due to the adherence 

of the BN layer to the fiber surface, which is not the situation for the inside debonding 

composites. Thus the environment does not have direct access to the fibers, which prohibits or 

stalls the rapid strength-degrading oxidative process of strongly bonding fibers to nearest 

neighbor fibers. In addition, no degradation in retained strength was observed after burner rig 

exposure, which typically occurs when carbon exists at the fiber/BN interface. 

The cause of outside debonding was believed to be due to (1) a weaker BN/CVI-Sic 

interface than BN/fiber interface, perhaps caused by the presence of C at the BN/CVI-Sic 

interface, and (2) residual tensile/shear stress at the BN-CVI Sic interface that was sufficient to 

cause interface debonding during cool-down after composite processing. The residual stress- 

state in Sic fiber/MI composites is primarily caused by the infiltration of molten Si in the final 
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step of matrix processing. The volume expansion of the Si liquid to solid phase transformation 

coupled with a lower thermal expansion coefficient for Si compared to Sic  results in residual 

compression in the matrix of Sic  f iberM matrix composites. For this reason, outside 

debonding is expected to be easier to tailor for MI composites compared to other S ic  fiber, Sic 

matrix combinations. 
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Table I: Physical and Mechanical Properties of Some of the SiC/SiC Composites Tested 

SYL-iBNInside 
SYL-iBNInside 

I 

8.7/8 0.2 277 404 0.31 72 83 
7.9/8 0.2 248 502 0.42 -- -- 

SYL-iBNInside 1 5.0/8 1 0.12 1 279 I 284 I 0.21 I 63 

* tow ends per centimeter 

-- 
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BN a: Inside Debonding 
I Oxidation: 

Si02+B20, I 

Oxidation: 
0, + H20 

b: Outside Debonding 

Figure 1 : Schematic representation of oxidation of the interphase for (a) debonding and sliding 
between the fiber and the BN interphase, Le., “inside debonding”, and (b) between the BN 
interphase and the matrix, i.e., “outside debonding”. 
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Figure 2: Tensile monotonic (a) and load-unload-reload hysteresis (a and b) curves for SYL-iBN 
SiC/SiC composite showing (a) inside debonding and (b) outside debonding. Also plotted is the 
normalized cumulative AE energy. The AE data is also plotted versus stress in the inset of each 
plot. 
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Figure 3: Room temperature tensile stress-strain curves for (a) 8.7 epcm SYL-iBN SiC/SiC 
composites and (b) 7.1 epcm HNS SiC/SiC composites (hysteresis loops removed). 
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Figure 4: FESEM images of hcture surfaces of SYL-iBN composites showing outside 
debonding (a,b) and inside debonding (c,d). 
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Figure 5: Room temperature tensile stress-strain curves for a number of outside debonding 
composites with different fiber volume ii-actions. 
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Figure 6: The tensile stress-strain (solid) curve of an inside debonding 5 epcm, 8ply, SYL-iBN, 
MI composite (f = 0.12). The thick dashed line is the best-fit curve for z = 63 MPa. The thin 
dashed lines show the predicted stress-strain curves if z is varied by 20%. The crack density 
was estimated fi-om AE and the measured final crack density. 
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Figure 7: Stress-rupture of inside and outside debonding composites with SylramicO (SYL) and 
Sylramic-iBN (SYL-iBN) fiber remforcement in air at 8 15°C. The data are plotted as stress on 
the fibers, i.e., composite stress divided by f. The composite stress for a f = 0.2 is plotted on the 
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Figure 8: SEM micrograph fiom the fiacture surface of outside debonding composite after stress- 
rupture after - 100 hours at 815OC. 
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Figure 9: Stress-rupture of as-received and precracked SYL and SYL-iBN SiC/SiC composites at 
81 5OC in air. 
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Figure 10: Room temperature tensile stress-strain curves of as-received and burner rig exposed 
SYL-iBN and HNS SiC/SiC specimens showing outside debonding. The HNS stress-strain 
curves are offset on the strain axis for clarity. 
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Figure 1 1 : SEM micrograph and EDS spectra of regions A, B, and C for outside debonding SYL- 
iBN SiC/SiC composite after 8 15OC burner rig exposure and tensile testing at room temperature. 
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Figure 12: Typical AES depth profiles of BN layer that adhered to the matrix of SYL-iBN 
SiC/SiC composites showing (a) inside debonding composite and (b) outside debonding 
composite. 
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Figure 13 : TEM micrographs (top) and oarbon map (bottom, labeled T") for SYL-BN SiC/SiC 
composites showing (a) inside debonding composite and (b) outside debonding composite. 
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